Multiple sequence alignment is often used to locate consensus sequence stretches with evolutionary and functional conservation. However, when sequence similarity among the queries becomes low, sequence alignment tools generate extremely diverse results. The aim of this study is to incorporate relevant biological knowledge and assumptions to improve quality of general alignment on low similarity sequences. Since recognition of key features in carbohydrate binding module (CBM) family does not apply to general models, a more accurate weighted entropy function employing secondary-structure-based and key-residueweighted algorithms for alignment was designed to approach this goal. The results indicate that the proposed method is able to detect the known ligand-binding residues and to predict unknown functional residues in cellulose binding domains (CBDs) and xylooligosaccharides binding domains (XBDs) in terms of three-dimensional structures. Our results contribute molecular basis of CBDs and XBDs and potential application in development of alternative energy for future needs.
Background
In the post genomic and proteomic era, more than 50,000 protein structures are solved and released in Protein Data Bank (PDB) (http://www.rcsb.org/). With such huge information in the database, acquisition and analysis of the data prior to biological experiments become important. Multiple sequence alignment reveals evolutionary conservation and correlations among a set of query sequences. Unfortunately, it has been proven to be an NP-hard problem, and is thus extremely time-consuming [1] . Most researchers believe that the polynomial time solution for an NP-hard problem may not exist and thus heuristic and approximate multiple sequence alignment have been designed and proposed [2] . Progressive and iterative alignments are two main strategies for multiple sequence alignment. For efficiency and simplicity, the former sacrifices a little accuracy [3] , while the latter improves the alignment quality by using more computational cost through all the iterative processes [4] . For implementations, ClustalW [5] and T-Coffee [6] are two well-developed processes based on residue-to-residue observations. MISA [7] is a segment-to-segment comparison method based on identified local similar segments. DIALIGN [4] is another segment-tosegment comparison method based on neighboring residues. Constrained alignment strategies attempt to align assigned consecutive residue combinations [3] . However, most alignment tools assume that the query sequences possess a certain level similarity. When the similarity among the query sequences becomes lower than 30%, different sequence alignment tools generate extremely diverse results. In addition, complex biological mechanisms make it difficult to design a general mathematical model to solve all kinds of problems. For example, the CBM family is a set of proteins capable of binding to different carbohydrates or polysaccharides. Interestingly, even though the primary sequence similarities is extremely low, in general less than 20%, their secondary and tertiary structures, as well as the key functional residues are still wellconserved. In this study, biological knowledge is incorporated to enhance the identification of characteristic motifs and to rule out the noise. For most CBM family members, the most important feature is that aromatic residues play a major role as key ligand-binding residues. In addition, aromatic residues are generally rather hydrophobic, however, an aromatic residue surrounded by polar residues can be exposed on the structural surface to achieve ligand-binding functions. Moreover, the β-sheet topologies of most CBMs are well conserved. Based on the aforementioned knowledge and observations, a weighted entropy measure was designed to construct multiple sequence alignment process in this study.
Results

Datasets
CBMs have been classified into 52 families in ligand specificity, (for detailed classification, refer to http://afmb.cnrs-mrs.fr/CAZY/) [12] . CBM promotes the interaction between the substrate and glycan hydrolases (GHs), and increases local substrate concentration at the active sites of the catalytic domain. Currently 18 and 9 different CBM families have been identified to contain functional cellulose binding domains (CBDs) and xylooligosaccharides binding domains (XBDs), respectively.
The threedimensional structures of the resolved CBDs and XBDs consist of several β-strands forming two β-sheets. In order to verify the alignment by structure significance, only the proteins with resolved structures were selected. The primary sequences were fetched from PDB, and the functional domains were extracted by SCOP [9] and PDP [10] . The secondary structures were calculated by DSSP [11] . Only partial sequences of selected domains are used as the query sequences. By CATH classification [12] , two superfamilies classified from CBDs and XBDs were selected.
The cluster of CATH code 2.60.120.260 containing both CBDs and XBDs was taken as the validation case since the ligand-binding residues in CBM4 were reported [13] . In the alignment of CBM4, the sequences are from Cellulomonas fimi (CfCBM4), Rhodothermus marinus (RmCBM4) and Thermotoga maritima (TmCBM4). For the other case, we attempted to predict functional ligand-binding residues from the cluster of CATH code 2.80. 10 .50 whose sequences are rather dissimilar. In the alignment of this dataset, the sequences are from Clostridium botulinum (CbCBM13), Streptomyces lividans (SlCBM13), Abrus precatorius (ApCBM13), Cucumaria echinata (CeCBM13) and Ricinus communis (RcCBM13). In order to compare the proposed method with existing tools, ClustalW and DIALIGN were performed.
Known Functional Residues Validations
Based on biological observations in CBMs, we hypothesized that strong correlation could be obtained not only from relative β-stranded structures, but also from key ligand-binding residues on loop regions. As shown in Fig. 1 , the secondary structural elements marked by grey boxes were wellaligned in terms of relative positions and lengths, and key aromatic residues were found to be conserved spotted by '$'. Interestingly, the reported two key aromatic residues were successfully aligned and high-lighted in red and blue respectively. To demonstrate the significance at structure level, the corresponding functional residues are also highlighted in red and blue in Fig. 2 . It is clear that these three structures contain common cavities in the upper part of the structures and the functional residues are located on surface marked in red and blue. Those results confirm that our proposed method is capable of capturing the known key functional residues.
Binding Residue Prediction
In CATH code 2.80.10.50 cluster, the conserved binding residues are unknown. Mul tiple sequence alignment of the five structures classified into CATH code 2.80.10.50 cluster is presented in Fig. 3 . As the same representation in Fig. 1 , the secondary structural elements were well-aligned in terms of relative positions and lengths, and key aromatic residues were found to be conserved. In particular, the well-aligned aromatic residues, when exposed on a surface, were further labeled in red, blue and brown. The β-sheets are highlighted in gray boxes. The aromatic residues highlighted in red and blue are corresponding to functional residues on surface. Extra tag and sse sequences denote the quality of the alignment regarding to residue and β-sheet conservations respectively. The '$' in a column in the extra tag sequence represents the conservations of aromatic residues. The β-sheets are highlighted in gray boxes. The aromatic residues highlighted in red, blue and brown are corresponding to the aromatic residues on surface. Extra tag and sse sequences denote the quality of the alignment regarding to residue and β-sheet conservations respectively. The '$' in a column in the extra tag sequence represents the conservations of aromatic residues. The corresponding residues were also highlighted in the structures using the same color annotations as displayed in Fig. 4 , in which all five structures had similar topology. The highlighted residues were all located at corresponding positions. Interestingly, we found that even though CbCBM13 shared similar β-sheet and loop structures on the left hand of the structures, it lacks of the aromatic residue highlighted in blue in other structures. These results suggest that the three aligned aromatic residues on surface are more likely to have ligand-binding functions. In order to demonstrate the strength of our proposed methodologies, two wellestablished sequence alignment tools named ClustalW and DIALIGN were also performed on the same dataset. The alignment result of ClustalW revealed that one aromatic residue was misaligned in CbCBM13 and some other residues were poorly aligned (data not shown). On the other hand, the alignment result of DIALIGN revealed that too many gaps were inserted such that there were many giant shifts. The three putative functional aromatic residues were scattered without any alignment pattern in DIALIGN (data not shown). The alignment qualities of the proposed method, ClustalW and DI-ALIGN were also compared on entropy measure on CATH code 2.80.10.50 cluster. Since β-stranded structures are not available in ClustalW and DIALIGN, without bias, the E n measure defined in Equation 1 was taken as the criterion. Table 1 presents the sum of E n values in columns of the alignments. The proposed manner possessed the lowest sum of E n at 152.01, while DIALIGN produced almost two times of that. These data indicate that the proposed method outperformed ClustalW and DIALIGN in terms of both structural significances and E n criterion. 
Conclusions
In viewpoint of computation, we can successfully align key functional ligand-binding residues in CBDs and XBDs very well, but the particular biological knowledge is required in advance. There are more protein families which possess similar structure properties, but the sequence similarity may be low. It is worthy to apply our method to cope with different kinds of functionally related low similarity sequences. On the other hand, in viewpoint of biology, carbohydrates are important materials for the biofuel, food and beverage applications. Detailed knowledge of both carbohydrate manipulation, via studies of catalytic domains of carbohydrate-active enzymes, and carbohydrate binding, via studies of CBMs, is vital to an overall understanding of carbohydrate-active enzymes. This study therefore contributes molecular basis for further engineering of novel carbohydrate-active enzymes to meet future needs.
Methods
In Equation 1, p gap stands for the occurrence probability of gaps in a column and n denotes the total number of characters in a putative aligned column. The 1/n represents that all gaps are treated as different characters. When p gap increases, the weighting coefficient of ln(p gap ) decrease, while the coefficient of ln(1/n) increases. Moreover, the major features of the proposed system focus on the incorporation of knowledge-based scoring function. In this scenario, entropy values were weighted or penalized based on appearance of particular biological characteristics. The weighted entropy measurement of two aligned residues is defined as follows: 
In Equation 2, the β_bonus is earned if both a and b are located in their β-sheets, respectively. Otherwise, the β_bonus is set to be invalid. The aromatic_bonus is added if the occurrence probability of aromatic residues in a and b is greater than a threshold. Otherwise, the aromatic_bonus is set to be invalid. The polar_surrounded_bouns is calculated by the number of particular polar residues surrounding a and b. In the case that aromatic_bonus is invalid, the polar_surrounded_bouns is set to be zero directly. In particular, if a and '-' are aligned in a column, the requirements of the above three bonuses are never satisfied. However, based on the biological observations in CBMs, β-sheet structures are rather conserved. Gaps in β-sheets mean relevant diversities. Therefore, β_gap_penalty is turned to account if the inserted gap is in a β-sheet, and Equation 3 displays the formal formula.
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